We present new measurements of the abundance of galaxies with a given circular velocity in the Local Volume: a region centered on the Milky Way Galaxy and extending to distance ∼10 Mpc. The sample of ∼ 750 mostly dwarf galaxies provides a unique opportunity to study the abundance and properties of galaxies down to absolute magnitudes M B ≈ −10, and virial masses M vir = 10 9 M ⊙ . We find that the standard ΛCDM model gives remarkably accurate estimates for the velocity function of galaxies with circular velocities V 60 km s −1 and corresponding virial masses M vir 3 × 10 10 M ⊙ , but it badly fails by over-predicting ∼ 5 times the abundance of large dwarfs with velocities V = 30 − 50 km s −1 . The Warm Dark Matter (WDM) models cannot explain the data either, regardless of mass of WDM particle. Just as in previous observational studies, we find a shallow asymptotic slope dN/d log V ∝ V α , α ≈ −1 of the velocity function, which is inconsistent with the standard ΛCDM model that predicts the slope α = −3. Though reminiscent to the known overabundance of satellites problem, the overabundance of field galaxies is a much more difficult problem. For the standard ΛCDM model to survive, in the 10 Mpc radius of the Milky Way there should be 1000 dark galaxies with virial mass M vir ≈ 10 10 M ⊙ , extremely low surface brightness and no detectable HI gas. So far none of this type of galaxies have been discovered.
INTRODUCTION
The velocity function, which is defined as the abundance of galaxies with a given circular velocity, is one of fundamental statistical properties of galaxies. It is a kin of the much more well known and studied statistics: the luminosity function -the abundance of galaxies with a given luminosity. The luminosity function is easier to measure, and indeed there are numerous estimates of the luminosity function (e.g., Norberg et al. 2002; Bell et al. 2003; Blanton et al. 2005; Montero-Dorta & Prada 2009) . From the theoretical point of view there are substantial differences between luminosity and velocity functions. It is much more difficult to make theoretical predictions for the luminosities. Galaxy luminosity and stellar mass are the results of a complicated history of star formation of a galaxy. It depends on accretion and merging history and also on many other processes, which operate when a galaxy evolves -the stellar winds, supernovae explosions, galactic fountains -to name a few. This ⋆ E-mail: aklypin@nmsu.edu makes the luminosity and stellar mass very valuable tools to study the evolution of the Universe, but it makes them very difficult to predict.
Testing the theoretical predictions of the abundance of galaxies can done using the Semi-Analytical Models (SAMs) (e.g., White & Frenk 1991; Somerville & Primack 1999; Benson et al. 2003; Somerville et al. 2012) . Unfortunately, SAMs use many assumptions and parameters, which make theoretical predictions somewhat uncertain. The main source of the uncertainty is due to the lack of detailed understanding of how galaxies form and evolve in the cosmological framework. Another popular way of relating dark matter halos with galaxies are the halo abundance matching (HAM) (Kravtsov et al. 2004; Conroy, Wechsler, & Kravtsov 2006; Trujillo-Gomez et al. 2011 ) and the halo occupation distribution (HOD) (Berlind & Weinberg 2002; Kravtsov et al. 2004; Zentner et al. 2005) . These methods are often used to predict galaxy clustering at different redshifts. However, they assume galaxy luminosity or stellar mass functions, and thus cannot be used to test theory when it comes to predictions of abundances of galaxies.
Because the circular velocity measures the mass in the inner region of a dark matter halo (e.g., about ∼ 20 kpc for a Milky-Way mass halo) where the observed galaxy is situated, and because the circular velocity does not depend on the complicated history of star formation, the velocity function of galaxies can be predicted much more accurately than the luminosity function. This makes the circular velocity function a useful tool for testing the theory (Cole & Kaiser 1989; Shimasaku 1993; Gonzalez et al. 2000; Zavala et al. 2009; Trujillo-Gomez et al. 2011) .
The abundance of satellites of the Local Group is an example of the power of the velocity function as a test for cosmological predictions (Klypin et al. 1999; Moore et al. 1999) . Comparison of the predicted abundance of subhalos with given circular velocity in cosmological N -body simulations with the observed number of satellites clearly indicate a large disparity between the theory and observations. There are explanations for the disagreement, which include a variety of different effects, including photoheating during the reionization epoch (Barkana & Loeb 1999; Bullock et al. 2001; Shapiro et al. 2004 ) and stellar feedback (Dekel & Silk 1986; Mac Low & Ferrara 1999; Kravtsov 2010) . Modifications of the cosmological model are also used to address the problem. Suppression of the spectrum of fluctuations on small scales in models of the warm dark matter results in substantial reduction of predicted small halos, which is the reason why WDM models are often used as explanation for the overabundance of the subhalos (Colín et al. 2000; Kamionkowski & Liddle 2000; Bode et al. 2001; Kennedy et al. 2013; Polisensky & Ricotti 2014) . See, however, Schneider et al. (2014) ; Schultz et al. (2014) .
Velocity function of galaxies addresses some of the same key issues as the abundance of satellites in the Local Group (e.g., are there too many dwarf halos predicted by the ΛCDM model). However, in many respects these are a different statistics. Velocity function measures the abundance of all galaxies -not only the satellites. It may seem couter-intuitive, but for a given cut of the circular velocity, most of the objects are "parents": galaxies or DM halos in simulations that do not belong to a larger galaxy or halo Nuza et al. 2013; Guo & White 2014) . Another difference is the fraction of different morphological types. Most of dwarf galaxies in the Local Group are dwarf spheroidal galaxies, whereas most of the galaxies in the Local Volume are star-forming dwarf irregular galaxies.
The velocity function is relatively easy to predict theoretically Trujillo-Gomez et al. 2011) , but much more difficult to measure in observations. So far there were some attempts to produce observational estimates using SDSS data (Gonzalez et al. 2000; Sheth et al. 2003; Choi et al. 2007; Chae 2010) , HIPASS (Zwaan et al. 2010) and ALFALFA (Papastergis et al. 2011) . In spite of the progress in the measurements, there are some disagreements. For example, SDSS (Choi et al. 2007; Chae 2010) and HIPASS (Zwaan et al. 2010 ) data indicate that the VF becomes constant at velocities V 100 km s −1 , while Papastergis et al. (2011) find that VF keeps increasing even at very small velocities dN/d log(V ) ∝ V α with the slope α ≈ −0.85. Galaxies in both the HIPASS and the ALFALFA are selected by HI fluxes, which means that they miss earlytype galaxies.
While predicting circular velocity is easier than that of the stellar mass or luminosity, it still requires some effort and needs careful estimates and corrections due to different effects. There are different steps toward accurate predictions of the velocity function. The first step is large cosmological N-body simulations with high mass and force resolution. Resolution is an important factor. Because the maximum of the circular velocity is reached at a small fraction the virial radius, the resolution of simulations needed for accurate estimates of the velocity function is typically 5-10 times better than that needed for the halo mass function (Klypin et al. 2013) . Only recently simulations with this resolution and large volume became available providing us with needed estimates. In addition to high-quality simulations one needs to make corrections due to baryons: gas and stars in central regions of galaxies make the circular velocity larger (e.g., Mo et al. 1998; Klypin et al. 2002; Dutton et al. 2011; Trujillo-Gomez et al. 2011) . These corrections are small for galaxies with circular velocities below ∼ 100 km s −1 , which are dark matter dominated even in central 5 − 10 kpc regions. For larger galaxies the corrections can be as large as 20-50%.
The paper is organized as follows. In Section 2 we present our observational sample. Theoretical estimates are presented in Section 3. Results are presented in Section 4. Discussion is given in Section 5.
GALAXIES IN THE LOCAL VOLUME:
OBSERVATIONAL SAMPLE
Description of the sample
Volume limited sample of galaxies within the Local Volume were substantially extended and improved over the last decade (Karachentsev et al. 2004 (Karachentsev et al. , 2007 (Karachentsev et al. , 2013 . Evolved from the original list of 179 galaxies (Kraan-Korteweg & Tammann 1979) the current version of the Updated Nearby Galaxy Catalog (Karachentsev et al. 2013 ) contains 869 galaxies with redshift-independent distances D < 11 Mpc or radial velocities with respect to centroid of the Local Group VLG < 600 km s −1 . The sample was updated by results of a systematic search for new low surface brightness (LSB) galaxies and follow up radio-and optical observations. Significant number of new irregular dwarf galaxies were added by blind HI surveys such as HIPASS and ALFALFA. The redshifts surveys such as SDSS, 2dF and 6dF improved our knowledge not only of distant Universe, but also for the Local Volume. Special surveys for extremely low surface brightness satellites around Milky Way, Andromeda and M 81 reveal the galaxies with total luminosity about MV ∼ −4.
The redshift is not reliable distance indicator in the Local Volume because of peculiar velocities. For instance, observed 70-100 km s −1 virial line-of-sight velocities of galaxies in the nearby groups are comparable with the recession velocity of the groups ∼ 300 km s −1 (Karachentsev 2005) . Fortunately, because of its proximity, redshift-independent distances have been measured for most of the Local Volume galaxies. A large fraction of objects, namely 311, have distance estimations with high accuracy of 5-10 %, which are based on the tip of the red giant branch or cepheids methods.
Most of such galaxies lie below 5 Mpc (Karachentsev et al. 2013, see Fig. 3 ).
In the current work we test 3 subsamples of the Local Volume galaxies. The subsample with distances D 10 Mpc contains 733 galaxies, of which 652 objects are brighter than MB = −10 and 426 are brighter than MB = −13. The D 8 Mpc subsample consists of 568 objects, where 488 and 298 are brighter than MB = −10 and MB = −13, respectively. The D 6 Mpc set comprises 378 objects, 303 and 170 are brighter than MB = −10 and MB = −13, correspondingly.
The Local Volume catalog has a significant fraction of early type galaxies. This is very important when observational results on the velocity function are compared with theoretical expectations: galaxies of all morphological types are counted in the Local Volume catalog. This makes a significant difference with galaxy catalogs such as HIPASS (Zwaan et al. 2010 ) and ALFALFA (Papastergis et al. 2011) , which are based on HI observations, and thus miss gas poor galaxies.
The fraction of early type galaxies in the Local Volume increases with the decreasing luminosity. Only 6-7 % of bright (MB < −16) objects are lenticular or elliptical galaxies, while the fraction of spheroidal among of all dwarfs with −10 > MB > −13 is 31 %.
Galaxies that do not have the HI velocities are mostly early types (E's or dSph). The rest are predominately dwarf galaxies, for which HI measurements are not yet available. For the galaxies without HI line-width measurements, we assign the line-of-sight rms velocities V los using the average luminosity-velocity (L-V) relation in the K-band for galaxies with the measured line-width. In order to construct the relation we use following data.
For dwarf galaxies we use stellar velocity dispersions of the Local Group dwarf spheroidals and ellipticals given by Kirby et al. (2014) and Geha et al. (2010) . K-band magnitudes for those galaxies are taken from Karachentsev et al. (2013) . For larger galaxies we use stellar velocity dispersions in ATLAS3D catalog for early type galaxies (Cappellari et al. 2013) . We cross-correlate the ATLAS3D with the 2MASS catalog (Huchra et al. 2012 ) and identify galaxies that are listed in both catalogs. In order to reduce errors in distances (and thus luminosities), we use only galaxies with distances larger than 16 Mpc. We use also circular velocities for early type galaxies given in Appendix of Trujillo-Gomez et al. (2011) . For these galaxies we assume (K − B) = −3.5 color correction and divide circular velocities by √ 3 to estimate the line-of-sight rms velocities. Figure 1 presents the results.
The plot shows that for bright galaxies with MK < −18 the line-width V los depends on the luminosity, but this is not the case for dwarfs. Both effects are well known: a FaberJackson-type relation for bright ellipticals and the lack of dependence of dynamical mass within central ∼ 500 pc for dwarf spheroidals (e.g., Strigari et al. 2008) . As one may have expected, the spread of the V los -L relation is relatively large: about 20% for V los at given MK . Nevertheless, with this accuracy, results in Figure 1 give us a way to estimate line-width for galaxies that we do not have HI measurements for. Specifically, we use the following approximation, which Figure 1 . Dependence of stellar velocity dispersion on the Kband magnitude for early-type galaxies in different observational samples. Open circles are for dwarf galaxies in the Local Group. Galaxies in the ATLAS3D catalog (Cappellari et al. 2013 ) are shown as filled circles. Open squares are for a compilation of earlytype galaxies in Trujillo-Gomez et al. (2011) . The lines in the plot show approximation eq. (1) 
provides a fit to the observational data:
(1) Low accuracy of the b/a for some small galaxies force us to use the distribution of the line-widths V los not corrected for the inclination. In this respect we follow the suggestion of Papastergis et al. (2011) , and use line-widths as the main characteristics of observed galaxies. In order to simplify the comparison with the theory, instead of the full width W50 we use half-width V los as a proxy for the projected circular velocity.
There are two ways of comparing the observational results of the distribution of line-width with the theory: (1) One can apply corrections to the theoretical predictions as was suggested by Papastergis et al. (2011) . This is done separately for disk galaxies and for early-type galaxies. For disk galaxies we assume a random orientation of disks in space, but no correction is applied for elliptical galaxies, for which we assume V los = V / √ 2. (2) One can also de-project the observational sample by assuming a random orientation of disk galaxies. This can be done in a number of ways, here we use a parametric fitting. We use an analytical function of the distribution of the circular velocities with free parameters, then parameters are tuned to reproduce the observed distribution of line-width. (Blanton et al. 2005) ) and the 2dFGRS (dashed curve (Norberg et al. 2002) ) are also shown. The data indicate that the Local Volume function is complete for M B < −14. The full curve shows the Schechter approximation with the slope α = 1.30 and M * = −20.0 + 5 log(h). At smaller magnitudes the observed luminosity function bends down indicating that the sample is less complete. The dotted curve shows a fit for the luminosity function in the 10 Mpc sample in the M B = −12 − 14 range. Top: Fraction of early-type galaxies in the 10 Mpc sample. The fraction is almost constant ∼ 10% for galaxies brighter than M B = −13. It steeply increases for smaller galaxies mostly due to dSph satellites around bright galaxies.
Luminosity Function and Completeness of the sample
The sample of galaxies in the Local Volume was gradually improved and extended over years. Karachentsev et al. (2004, Section 4 ) discuss completeness of the earlier sample and conclude that within 8 Mpc radius the sample was 70-80 percent complete, implying that about 100 galaxies were missed in that sample. Tikhonov & Klypin (2009) studied completeness of the Local Volume using two methods. They used the updated sample, which had ∼ 100 more galaxies, and thus it was nearly complete within 8 Mpc radius for galaxies with MB < −12. In both methods the ratio of the number of dwarf galaxies to the number of bright galaxies was used as an indicator of completeness since the ratio should not depend on the distance. First, the number of bright galaxies (MB < −15) and the number of dwarf galaxies (MB = −12 − 14.5) inside radial shells of 1 Mpc width were found. If the sample is not complete, we would expect a decline with the distance of the number of dwarf galaxies. The ratio of the number of dwarf to large galaxies did not indicate any decline and confirm the completeness of the sample. Second, galaxies in the zone of avoidance were counted and compared with the counts in the direction of the galactic pole. For the same two subsamples (MB < −15 and MB = −12 − 14.5) Tikhonov & Klypin (2009) found 28 bright galaxies and 18 dwarfs close to the galactic plane (|b| < 15 o ). In the direction of the galactic pole (|b| > 75 o ) they found 28 giants and 16 dwarfs. This gives the ratio of dwarfs/bright galaxies equal to 0.64 in the the direction of the galactic pole and 0.57 in the galactic plane. Again, results are compatible with the completeness of the sample used at that time. The present sample is nearly complete to distances D < 10 Mpc. This almost doubles the volume of the sample as compared with what was used by Tikhonov & Klypin (2009) . Figure 2 shows the luminosity function of galaxies in the Karachentsev et al. (2013) catalog for different subvolumes. Results for the 6 Mpc and 8 Mpc samples were normalized to have the same number-density of galaxies brighter than MB = −14 as in the 10 Mpc sample. There are some variations between different subsamples, but for galaxies brighter than MB = −14 these variations are consistent with pure shot-noise. At smaller luminosities there are clear indications of incompleteness with smaller volumes having more dwarf galaxies with MB = −10 − 12.
For comparison, Figure 2 also presents the luminosity function in the 2dFGRS galaxy catalog (Norberg et al. 2002) and the SDSS sample (Blanton et al. 2005) . The 2dF-GRS luminosity function was given in bJ magnitudes. We scaled it to the B-magnitudes using the relation bj = B − 0.28(B − V ) (Norberg et al. 2002) and taking B − V = 0.5. The 2dFGRS luminosity function was estimated only for relatively bright galaxies with MB < −17.2. The SDSS luminosity function extends to significantly smaller galaxies with MB ≈ −15 because it was based on a shallow SDSS subsample for galaxies with distances in the range 10−150h −1 Mpc. We use the double Schechter "corrected" approximation in Table 3 of Blanton et al. (2005) for the g-band magnitudes, which we convert to B-magnitudes using the relation g = B − 0.235 − 0.34[B − V − 0.58] (Blanton & Roweis 2007) and taking B − V = 0.5.
The full curve in Figure 2 presents a Schechter fit to the LV data with MB < −14:
where φ * = 1.25 × 10 −2 h 3 Mpc −3 , α = 1.3, and M * ,B = −20.0 + 5 log(h). Comparison with the SDSS and 2dFGRS luminosity functions indicates that the Local Volume is a typical sample of galaxies for the volume probed. The only systematic deviation which we find is an excess in the Local Volume of very bright galaxies with MB ≈ −21. Otherwise, it is a normal sample.
We model the incompleteness of the sample at MB > −14 by dividing the measured luminosity function (dotted curve in Figure 2 ) by the Schechter approximation extrapolated from the brighter galaxies. The ratio f select = N obs /N Sch of the two gives the selection function of galaxies in the Local Volume. It can be approximated as: According to these results, the 90 percent completeness is at MB = −13.5, which on average corresponds to V los ≈ 20 km s −1 . We estimate that the sample misses 1/2 of galaxies at MB = −12 and V los ≈ 13 km s −1 . Motivated by these results, we estimate the selection function in velocities V los :
We make correction for incompleteness of the catalog by multiplying the observed number of galaxies with given line-width V los by f −1 select (V los ) given by eq. (4). This correction plays a role only for very small galaxies. For example, the correction is only 5 percent for galaxies with V los = 25 km s −1 , and is totally negligible for larger galaxies.
THEORETICAL PREDICTIONS FOR VELOCITY FUNCTION
There are a number of steps, one needs to take in order to predict the distribution of line-widths V los of galaxies for a cosmological model:
• Find the theoretical distribution of circular velocities V of dark matter halos. Large cosmological simulations often provide those (e.g., Gonzalez et al. 2000; Klypin et al. 2011; Nuza et al. 2013; Schneider et al. 2014) . The distribution function dN/dV must include subhalos. If it does not, it should be corrected.
• Correct the dark matter circular velocities for the effect of baryonic infall.
• Assuming a random orientation of galactic disks, and, using the observed fraction of early-type galaxies, make a prediction for the distribution of line-widths dN/dV los .
We use results of the Bolshoi (Klypin et al. 2011, WMAP7 cosmology) and BolshoiP (Hess et al. 2014 , Planck cosmology) simulations to find the velocity function dN/d log V in the ΛCDM model. Both simulations are done with the ART code (Kravtsov et al. 1997; Gottloeber & Klypin 2008) . The simulations use 2048 3 particles with the force resolution of 1 h −1 kpc. The simulations are complete for halos and subhalos down to V = 50 km s −1 . Results of the simulations for halos and subhalos are presented in Figure 4 . At small V the circular velocity function is very close to a power-law. We use the following approximations for the differential circular velocity functions for halos and subhalos in the range V = (10 − 400) km s −1 :
where the normalization A is equal to
We use also predictions of the velocity function for the Warm Dark Matter models made by Schneider et al. (2014) for models with thermal neutrino masses m wdm = 1, 2, 4 KeV. The velocity function was derived from halo mass function (Schneider et al. 2013 ) and halo concentration-mass dependence (Schneider et al. 2012 ). The WDM mass functions were estimated for the WMAP7 cosmology using N -body simulations, and were approximated with analytical models. These estimates are done only for distinct halos, and thus they do not include subhalos. The fraction of satellites for given circular velocity V is relatively small. We account for the missing subhalos in the Schneider et al. (2014) data by multiplying the abundance of distinct halos by factor 1.25, which is the same fraction of subhalos as in the ΛCDM model for circular velocities V 200 km s −1 . This is a good approximation for circular velocities above ∼ 80 km s −1 , because the effects of WDM are relatively small for these velocities and for neutrino masses considered here (m wdm 1 KeV). For smaller velocities this likely overestimates the effect, however there must be a significant number of small satellites to explain dwarf satellites in the Local Group and in the Local Volume. So, our estimate of the fraction of subhalos in the WDM models seems to be reasonable.
In practice we use an analytical approximation to the data provided by Schneider et al. (2014) . The following analytical form provides a 2% accurate fit the data on the WDM circular velocity function corrected for the subhalos abundance:
where the WDM suppression factor S(V, m wdm ) is 
Here the WDM mass m wdm is given in the units of 1 KeV. Figure 4 presents results for velocity function in the WDM models. We note that the WDM velocity function has a simple dependence on mass m wdm : the suppression factor S(V, m wdm ) in eqs. (7-8) depends only on the product V m wdm . This is likely related to the fact that the ΛCDM velocity function for the relevant velocity range V 200 km s −1 is nearly a power-law, and, thus, it is scalefree. The only scale dependence comes from the power spectrum suppression due to m wdm .
This simple scaling relation of the WDM models allows one to estimate the WDM predictions for any m wdm and for different cosmological parameters. When comparing with observations, we re-scale the abundance of halos in the WDM models to the Planck cosmological parameters using eqs. (5-6) for dN/d log V |ΛCDM and the suppression factor S given by eq. (8).
Detailed analysis of the effects of baryons on the circular velocity function was done by Trujillo-Gomez et al. (2011) and Dutton et al. (2011) . The impact of baryons is small for galaxies hosted by halos with V 100 km s −1 . More massive galaxies are more affected. For example, modeling of the Milky Way galaxy Klypin et al. (2002) , which used the ΛCDM predictions (the NFW profile with realistic concentration and spin parameter), indicates that the dark-matter-only maximum of the circular velocity should be ∼ (160 − 170) km s −1 . Taking V ≈ 230 km s −1 for circular velocity of the Milky Way, we find that the baryons increase the circular velocity by a factor 1.3−1.4. In this paper we approximate the complex effects of baryons studied by Trujillo-Gomez et al. (2011) using a simple fitting function of the results presented in Figure 12 of Trujillo-Gomez et al. (2011) . Specifically, we use the following fit:
x ≡ V DM+bar 120 km s
where V is maximum of circular velocity for dark-matteronly predictions, and V DM+bar is the the circular velocity corrected for the effect of baryons.
RESULTS: VELOCITY FUNCTION OF GALAXIES
The left panel in Figure 5 shows estimates of the galaxy velocity function in the Local Volume for different subsamples. The number-density in each subsample is not the same mostly because of a large excess of bright galaxies at 3.5-4 Mpc distance from the Milky Way. Effect of the fluctuation declines with the volume, and for the 10 Mpc sample the number-density is close to the average number-density in the much larger SDSS sample, as indicated in Figure 2 . For this reason estimates of the abundance of galaxies in the 6 and 8 Mpc samples were normalized to have the same number-density of galaxies brighter than MB = −14 as in the 10 Mpc sample. Once normalized to the same numberdensity, comparison of different subsample serves as indicator of stability of estimates of the velocity function. The full curve in the plot shows a fit to the 10 Mpc data: dN dlog10V los = 13.6V
(11) In the right panel of Figure 5 we compare our estimates with the HIPASS (Zwaan et al. 2010) and ALFALFA (Papastergis et al. 2011 ) results. Our estimates are systematically larger because HIPASS and ALFAFA do not include gas poor early-type galaxies while those galaxies are included in the Local Volume sample. However, the fraction of the early-type galaxies is relatively small, as indicated in the top panel in Figure 2 . So, the agreement between different catalogs is reasonably good for velocities in the range V los ≈ (25−150) km s −1 . At smaller velocities the Local Volume results are substantially above HIPASS and ALFALFA mostly because the fraction of gas-poor galaxies increases and likely because of incompleteness in the HIPASS data.
We compare our results with theoretical predictions in Figure 6 . In the left panel we confront observational results with the predictions of the ΛCDM model with the Planck parameters. Correction for baryon infall becomes progressively more important for V los 60 km s −1 . Thanks to this correction, the ΛCDM model makes a reasonably accurate account for the abundance of bright galaxies. At smaller velocities V los effects of baryons are not significant. Here the theory clearly has substantial problems.
However, the real problem for the model is the abundance of relatively large dwarf galaxies with V los = (30 − Zwaan et al. 2010) surveys. In addition to gas-rich late-type galaxies the Local Volume sample has early-type galaxies, which are missed in the HI surveys. 40) km s −1 . The ΛCDM model overpredicts the abundance of those galaxies by a factor of 2.5-4. These galaxies are hardly affected by possible effects of reionization and cannot be stopped from forming stars by few supernovae. These galaxies are relatively bright with MB ≈ −15−16. For these luminosities the Local Volume catalog is nearly complete. We definitely can exclude the possibility that ∼ (70 − 80)% of these galaxies are missed. In short, it is difficult to reconcile the ΛCDM predictions with observations. The WDM models are not much better. In the right panel of Figure 6 we test the WDM models. Models with m wdm > 1.5 KeV can be excluded because they do not provide enough reduction of the number of dwarf galaxies. Smaller masses help to suppress the low-mass tail of the velocity function, but the shape of dN/d log V is not right. For example, the model with m wdm = 1.0 KeV makes a good fit for V los = (20 − 40) km s −1 , but it misses the smaller V los 's. For V los = 15 km s −1 the WDM curve is a factor of two below observations. It misses also points with large velocities V los > 60 km s −1 .
The circular velocity function dN/d log V of observed galaxies can be reconstructed in a statistical sense by following the same steps, which we do when we make the transition from theoretical circular velocity function dN/d log V to the distribution of line-width dN/d log V los . In the case of observations we assume an analytical function with free parameters. For each set of the parameters we make a prediction for dN/d log V los by assuming a random orientation of disk galaxies and by taking the observed fraction of early type galaxies. We then change the free parameters until we get an acceptable fit to the data. The best fit to observed circular velocity function of galaxies is:
Note that the slope of the circular velocity function dN/d log V is close, but slightly smaller that the slope of the related line-width function dN/d log V los . One can show analytically that a pure power-law dN/d log V gives a powerlaw line-width function dN/d log V los with exactly the same slope. The small change in the slope between dN/d log V and dN/d log V los seen in Figure 7 is, thus, due to the bending of dN/d log V at large V .
Comparison of the observed and theoretical circular velocity functions presented in Figure 7 leads to the same conclusion, which we found comparing the line-width functions in Figure 6 : the ΛCDM model gives a good fit for massive galaxies with V los > (60 − 70) km s −1 , but it has problems explaining the abundance of galaxies with small velocities. However, the disagreement is slightly worse for dN/d log V functions as compared with dN/d log V los . For example, at V los = 40 km s −1 the disagreement with the ΛCDM model was factor 2.5 for the line-width functions. It is factor of 5 for the circular velocities. Qualitatively, it is clear why the disagreement is worse in V -space: some fraction of galaxies with given V los are intrinsically larger galaxies with large V , for with the ΛCDM predicts correct abundance. 
DISCUSSION AND CONCLUSIONS
The abundance of galaxies as a function of their circular velocity dN/dV is a fundamental statistics, which provides a sensitive probe for theoretical predictions (Cole & Kaiser 1989; Shimasaku 1993; Gonzalez et al. 2000; Zavala et al. 2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014) . It is more difficult to measure the velocity function as compared with the more familiar luminosity function. Only recently observations became capable of producing reasonably converging estimates of dN/dV for different samples (Zwaan et al. 2010; Papastergis et al. 2011) .
Abundance of galaxies with circular and line-width velocities in the Local Volume (distances less than 10 Mpc) provides a valuable information, which can be difficult to get from other samples (Karachentsev et al. 2004 (Karachentsev et al. , 2013 . Here one can observe really small galaxies, and the sample has all morphological types. Comparison with the SDSS and 2dF-GRS luminosity functions indicates that the Local Volume is a typical sample of galaxies for the volume probed. The sample is 90% complete for galaxies of all morphological types down to MB = −13.5. Corrected for the selection function, the sample can be used down to MB = −12 and circular velocity ≈ 15 km s −1 .
Observations: Estimates of the abundance of galaxies with a given line-width V los presented in Figure 5 for different observational samples shows that results mostly agree for intermediate-size galaxies with V los ≈ (25−150) km s −1 . The Local Volume results are systematically above the HIPASS (Zwaan et al. 2010 ) and ALFALFA (Papastergis et al. 2011) estimates, but this is mostly due to the fact that HI measurements do not cover early-type galaxies, which are present in the Local Volume. The agreement between the ALFALFA (Papastergis et al. 2011) and Local Volume results is particular good once ALFALFA results are corrected by the fraction of early-type galaxies in the Local Volume as presented in Figure 2 . This is very encouraging because it indicates that we finally have an accurate measurement of the abundance of galaxies in a broad range of velocities (10 − 200) km s −1 . The fit to the observed circular velocity function in the Local Volume is given by eq. (12). We note that the velocity function does not flatten at small velocities, as the HIPASS (Zwaan et al. 2010 ) data indicated. In both the Local Volume and the ALFALFA samples the velocity function keeps increasing with declining velocity as a power-law with the slope α ≈ −1.
Theory: Figure 8 compares observational estimates for the circular velocity function of galaxies with theoretical predictions for the ΛCDM and WDM models. As one may have expected, the ΛCDM model dramatically overpredicts the abundance of dwarf galaxies. The WDM is not better. It was designed to fix the small-scale problems of the ΛCDM. As far as the abundance of dwarfs is concerned, the WDM still fails.
Warm Dark Matter: As Figure 8 shows, the WDM model with m wdm = 1.25 KeV predicts a factor ∼ 2 − 3 too few dwarfs with V = (10 − 15) km s −1 and a factor of 2 too many at V ≈ 25 km s −1 . As plots in Figure 6 indicate, decreasing neutrino mass to m wdm = 1.0 KeV fixes the problem with V ≈ 25 km s −1 , but it also ruins the small-scale tail by reducing the abundance of V = (10 − 15) km s −1 dwarfs by another factor of 2. Thus, there seem to be no neutrino mass that produces an acceptable fit to the data.
Additional limitations on the WDM model are coming from the clustering observed in the Lyman-α forest (e.g., Seljak et al. 2006; Viel et al. 2008 Viel et al. , 2013 . Recent results of Viel et al. (2013) constrain the (thermal) neutrino mass m wdm > 2 KeV at 4σ level. Our results indicate that neutrino mass above 2 KeV is incompatible with the observed abundance of field dwarf galaxies in the Local Volume. Our conclusions regrading the inability of WDM models to explain the observational data are in agreement with those of Schneider et al. (2014) .
ΛCDM: In spite of the fact that our estimates of the abundance of field galaxies are above the previous estimates, the ΛCDM predictions for the velocity function are still well above the observations. This is neither new (Tikhonov & Klypin 2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014 ) nor surprising. The overabundance of satellites (Klypin et al. 1999; Moore et al. 1999 ) in the ΛCDM model is a well established problem, and it has the same origin as the overabundance of field galaxies. However, the galaxy velocity function rises the problem to a different level.
It is interesting to compare the overabundance of satellites in the Local Group with the overabundance of field galaxies:
• Most of the galaxies in the Local Volume are not satellites (though there are some). Thus, the problem with the field galaxies cannot be solved by appealing to effects such as the tidal stripping or interactions with the central "parent".
• The main problem in the Local Group was related with dwarf spheroidal galaxies. In the Local Volume most of "problematic" galaxies are dwarf irregular galaxies, which are star-forming gas-reach galaxies.
• The satellite problem starts at relatively small galaxies with V 20 km s −1 and Mvir 10 9 h −1 M⊙. There is practically no issue with the number of satellites with V > 30 km s −1 : the theory predicts as many as observed (e.g., Klypin et al. 1999; Kravtsov 2010 ). The situation is much worse in the field, where the disagreement is already very severe for galaxies with V = 40 km s −1 and virial masses Mvir ≈ 10 10 h −1 M⊙. This can be expressed in a number of ways. At V = 40 km s −1 the ratio of dN/d log V of the predicted (eq. (5)) to the observed (eq. (12)) number of galaxies is 4.4. The total number of galaxies in the Local Volume (distances < 10 Mpc) with circular velocities in the range V = (30 − 50) km s −1 is ∼ 200, while the theory predicts ∼ 1000.
What can possibly be a solution for the field problem?
Observations: It is possible and very likely that a number of small dwarfs galaxies with V < 20 km s −1 were missed. However, at V = 20 km s −1 the disagreement with the theory is a factor of 20. In order to reconcile observations with the ΛCDM model, most of the dwarfs must have been missed in the Local Volume sample: an unlikely proposition considering the converge of results on the luminosity function at MB = −14.
The main problem is with larger galaxies in the range of velocities V = (30−50) km s −1 . These galaxies are bright, MB ≈ −16, and it is unrealistic to assume that the Local Volume sample missed 1000 of them. The only remote possibility is that a large fraction of the galaxies are low surface brightness dwarf sphroidal galaxies with surface brightness well below 25 mag per square arcsecond. So far, none of these bright and extra low surface brightness galaxies have been found.
Theory: It is difficult to resolve the overabundance of field galaxies because some of the problematic galaxies are relatively large (Mvir ≈ 10 10 h −1 M⊙). For example, photoheating during reionization hardly can affect these objects. Substantially reducing the luminosity of these galaxies without removing the neutral hydrogen does not help either because these object would have been detected as dark HI clouds with ∼ 10 9 h −1 M⊙ mass in neutral hydrogen. It seems that the only possibility is to have a very low surface brightness objects with just enough star formation to keep the gas ionized so that the "galaxies" will not be detected in either optical light or HI observations.
